Aim: To investigate the outcome quality and the long-term (≥15 years) post-treatment (Tx) changes after Class II:2 Herbst-multibracket appliance (MBA) Tx. Subjects and Methods: In this longitudinal observational study, a recall of Class II:2 patients who had been treated by a Herbst-MBA during adolescence was conducted. Study models from before and after active Tx, after retention and after recall were assessed using standard occlusal variables and the peer assessment rating index (PAR). These data were compared to historical untreated Class I controls. Results: Twenty out of 33 patients (61%) could be located and participated at age 33.9 ± 2.7 years. When comparing their data to the 13 patients who did not participate, the pre-and post-Tx occlusal findings did not differ systematically; however, the PAR scores of the non-participants were by 3.3-8.2 points higher at all times and the non-participants were 2.1-2.5 years older. Pre-Tx at age 14.4 ± 2.7 years, the participants showed the following mean values: PAR = 15.0 ± 7.0, Class II molar relationship (MR) = 0.8 ± 0.3 cusp widths (cw), overbite = 5.3 ± 1.3 mm. After Tx, a PAR score of 2.9 ± 1.3 and a super Class I MR (−0.1 ± 0.1 cw) with normal overbite (1.2 ± 0.8 mm) existed. At recall, a PAR score increase to 5.9 ± 3.6 points had occurred, mainly caused by an increase of overbite to 2.5 ± 1.5 mm. The average MR remained Class I (0.0 ± 0.2 cw). For all variables, the untreated controls exhibited similar findings.
Introduction
Class II:2 malocclusions are said to be difficult to treat and to have a high risk for relapse (1, 2) . For children in European populations, prevalences of up to 10% have been reported for this malocclusion (3, 4) .
Although a systematic review concluded that only highly biased evidence existed with regard to the effectiveness of Class II:2 therapy and the stability of the respective treatment (Tx) results (5), several retrospective investigations have shown Herbst-multibracket appliance (MBA) Tx to be most effective in terms of Class II:2 correction (6-9). Furthermore, the occlusal correction achieved by Herbst-MBA Tx was found to be relatively stable 2 years post-treatment (10) . However, to date no evidence is available in terms of longterm stability (11) , which is also true for most other Tx approaches used for Class II:2 correction. The only existing long-term data (≥15 years) deal with a sample of 18 patients after early Tx with activators (12) on the one hand, and a sample of 62 patients after fixed appliance Tx on the other hand (13) . Additional publications (n = 66 and n = 44) report data from 5 years out of retention after fixed appliance Tx (14, 15) . The degree of stability reported in these papers ranges between remarkably and moderately stable and shows large variability. No comparison to an untreated sample was made in any of the above mentioned papers Due to the specific aetiology and controversial stability reputation of Class II:2 malocclusions, it seems to be of particular interest to determine additional data and eventually reveal a Tx approach enabling successful and long-term stable correction of this type of malocclusion.
Therefore, the aim of the present investigation was to assess the outcome quality and the long-term (≥15 years) post-Tx changes after Class II:2 Herbst-MBA Tx compared to untreated controls.
Subjects and methods
After obtaining ethical approval (Nr. 146/13) and study registration (WHO: ID DRKS00006354), the archive of the Department of Orthodontics at the University of Giessen, Germany was searched for all Class II:2 patients (irrespective of Tx outcome) who had been treated with a Herbst-MBA and whose active Tx was finished at least 15 years ago.
A total of 33 patients with a mean age of 14.4 years at the start of Tx were determined. All these patients had a Class II occlusal relationship (mean: 0.8 cusp widths) with the mandibular dentition being positioned posteriorly compared to the 'normal' Class I relationship. In addition, at least two maxillary incisors were retroclined and exhibited an anterior deep overbite (mean: 5.3 mm).
Tx was carried out using a Herbst appliance Type I (Dentaurum®) as well as different types of labial straight-wire MBAs. In 14 of the 20 patients, the Tx protocol had started with 8.6 ± 5.6 months of fixed appliance Tx for upper incisor proclination to enable Herbst appliance insertion and adjustment in an incisal edge-to-edge relationship. In the remaining six patients, Tx could be started directly with the insertion of the Herbst appliance. The Herbst appliance was removed after 7.7 ± 1.7 months and replaced by a full arch MBA in both jaws in order to obtain proper occlusal settling and finishing. The total Tx duration amounted to 24.9 ± 6.9 months. All patients were treated non-extraction.
Patient location and contact was attempted using the information in the patients' records as well as the internet (search engines, online phone directories) as sources. While 27 of the potential 33 patients could be located and were asked to participate in the current investigation, 20 finally agreed and took part at age 33.9 ± 2.7 years.
An informed consent was acquired from all participants before starting the examination. Impressions of the upper and lower arch as well as a wax bite were taken of all participants. In addition, study models in centric occlusion from before and after Tx as well as after retention were assessed and compared to the current findings in order to evaluate the changes that had occurred since the end of active Tx. The sagittal molar and canine relationships (right, left) as well as the overjet and the overbite were assessed for all occasions (T0: before Tx, T1: after Tx, T2: after retention, T3: recall). Visual ratings of the molar relationship were performed to the nearest 0.25 cusp widths (cw) and classified as Classes I, II, or III, while a manual calliper was used to accomplish linear measurements to the nearest 0.5 mm. In addition, the peer assessment rating index (PAR) (16) was utilised. A PAR-certified operator (N.B.) performed the respective ratings according to the respective guidelines (16) using an original PAR ruler.
At recall (T3), no retainers at all were worn by 11 of the 20 participants; 4 of them had already been without retention at T2. Of the remaining nine participants, eight wore a lower bonded canine-tocanine retainer (seven bonded on the canines only, one bonded on all six teeth) while one participant had an upper bonded retainer only.
Control group
A 'double negative, normal' historical control group was used for comparison of the post-Tx changes. It was generated from a longitudinal study on growth changes in the dental arches in Finland which had followed the patients from age 7 years (17). The records obtained at age 12/13 years (T0), age 15 years (T1), and age 33 years (T3) were considered to correspond best to the current Herbst-MBA sample regarding age ( Table 2) . From all original Class I participants (17) with no orthodontic Tx need (n = 33), those who still exhibited a bilateral Class I relationship at the age of 15 years (which is more or less in concordance with the treated Class II:2 sample; Table 2 ) formed the untreated control group (n = 31) for the current investigation. Study models from both relevant time points T1 (age 15.4 ± 0.4 years) and T3 (age 32.9 ± 1.2 years) were available from all these untreated subjects (n = 31).
Statistics
In order to minimize the error of the method, all measurements and ratings were performed twice (N.B.) with a time interval of 2-4 weeks in between, and the mean value of both was utilised for further calculations.
A non-normal distribution according to Shapiro-Wilk and Kolmogorov-Smirnov tests was seen for the majority of the data. Nevertheless, for the sake of comparison with other published data, the mean value and standard deviation are used throughout the text of the manuscript. However, in order to allow detailed interpretation, the median, minimum and maximum values are given in all respective tables. After performing a descriptive statistical analysis, the Mann-Whitney U test was applied for most group comparisons due to the non-normal distribution of the data. When comparing more than two groups, the Kruskal-Wallis test was used.
Although the study followed an explorative design, a variety of inferential methods have been used to fully utilize the information in the data. The number of conducted tests adds up to a multiple testing situation (which leads to an accumulation of false positive results); being aware of this limitation, it was decided to regard P-values of up to 0.15 as hints of possible effects. This procedure was chosen as explorative data analysis does not use a fixed threshold value of probability to search for 'patterns' or 'structure' in experimental data although robust inferential statistical procedures are utilised (18) . The 0.1-0.15 threshold was heuristically adapted from a selection process commonly used to screen for relevant factors in logistic regression and similar analytical procedures.
Based on the properties of the measured parameters, the Intraclass Correlation Coefficient (ICC) was chosen to assess observer reliability for most variables. The ICC allows for examination of reliability of repeated measurements based on the exact agreement of the measurements. In contrast, for the ratings of all PAR index components, the consistency of measurements was assessed (Kendall's Tau-b). While the ICC values were rather high for all measurements (mean: 0.9; standard deviation: 0.1; median: 0.9), the consistency values were slightly lower for the PAR components (mean: 0.7; standard deviation: 0.2; median: 0.7).
Results
Participants versus non-participants (Table 1 , Figure 1 , Supplementary Tables 1 and 2)
As 20 of the 33 potential patients agreed to participate, the participation rate was 61% (with respect to the number of locatable patients). Nevertheless, 13 patients were not available for participation due to lack of interest or other reasons ( Figure 1 ).
Without any known reason, the 20 participants and the 13 nonparticipants of the Class II:2 sample differed by about 2 years in terms of age before Tx, after Tx, and after retention (P = 0.013-0.057). However, the duration of both the treatment (T1-T0) and retention periods was similar (P = 0.184-0.738).
Although the classical Class II:2 malocclusion characteristics (Class II molar relationship, overbite) did not differ systematically at any time the mean PAR score values were by 3.3-8.2 points lower in the participants at all three examination time points (P = 0.001-0.019).
Participants versus controls (Table 2)
The only notable difference between the Class II:2 participants and the controls was the length of the observation period (T1-T0), which was by 5 months longer in the controls (24.9 versus 29.3 months, P = 0.004).
Tx and long-term post-Tx changes (Table 3,  Supplementary Tables 1-5 As anticipated, at T0 marked differences existed between the Class II:2 participants and the untreated Class I controls for molar and canine relationships as well as for overbite and PAR score (Table 3, Supplementary Table 4 , Figure 2 ).
The detailed values for overjet, overbite as well as molar and canine relationships at T0, T1, and T3 are given in Table 3 (T2 in  Supplementary Table 1 ). The respective changes during the observation periods T1-T0 and T3-T1 are shown in Supplementary Table 3 as well as Figure 2 .
After Tx, the mean molar relationship was −0.1 cw at T1 and 0.0 cw at T3 in the Class II:2, while it was −0.1 cw (T1 and T3) in the controls (P = 0.101-0.891). The canine relationship showed a mean value of 0.2 cw at both occasions and in both groups (P = 0.188-0.875). The mean overbite was by 1.5 mm smaller in the Class II:2 sample than in the controls (P = 0.000) after Tx, while it was almost identical after the long-term observation (2.5 versus 2.4 mm; P = 0.885). For overjet, the values were by 1.0-1.4 mm smaller in the Class II:2 sample at both occasions (P = 0.000-0.001).
The detailed scores for the PAR index (total score as well as contributing components) at T0, T1, and T3 are given in Supplementary  Table 4 (T2 in Supplementary Table 2 ). The respective changes during the observation periods T1-T0 and T3-T1 are shown in Supplementary Table 5 .
Immediately after Tx (T1), the mean total PAR score was distinctly lower by 5.9 points (P = 0.000) in the Class II:2 when compared with the controls (Table 3) . At T3 a difference of 3.0 points Table 1 . Comparison of the Class II:2 participants' and non-participants' data: the mean value (mean), standard deviation (SD) and P-value (P) of the respective group difference are given for age, duration of the observation periods, overbite, sagittal molar relationship, and PAR score.
Participants
Non-participants (P = 0.002) prevailed, which was mainly due to the differences for the maxillary and mandibular anterior segments exhibiting lower values (=better alignment) in the Class II:2 than in the controls: 0.8 versus 2.0 and 1.1 versus 2.5 points (P = 0.000; Supplementary Table 4) . Looking at the percentage of patients exhibiting 'perfect' PAR component scores (=0), it is most stunning to see that a perfect score for 'occlusion' is completely absent in both groups at all occasions (Supplementary Figure 1) . Generally, the lowest percentages existed at T0 (both groups), while at T1 most components in the Class II:2 exhibited a major improvement. After long-term observation (T3), the Class II:2 group presented a perfect overbite slightly less frequent than the controls (45% versus 61%) while similar prevalences were only seen for perfect centrelines (95% versus 90%). Notably more perfect scores were found in the Class II:2 participants when compared with the controls for overjet (95%/71%) and maxillary/mandibular anterior segments (45%/45% versus 6%/3%).
Influence of bonded retainers (Table 4) As 8 of the 20 participants still wore a lower canine-to-canine retainer at T3, a separate comparison of these two subgroups and the controls was performed for the long-term changes (T3-T1) of the total PAR score as well as the components ' mandibular anterior', overjet and overbite. A distinct group difference (P = 0.002) was seen for the total PAR score. The retainer group exhibited an increase by 1.6 ± 2.0 points, while the group without retainers showed an increase by 4.0 ± 3.5 points; in the controls, the total PAR score increased by 0.1 ± 2.9 points. Similar, but less pronounced differences (P = 0.009-0.313) were seen for the components "mandibular anterior" and overbite (Table 4) .
Discussion
The present investigation is the first to evaluate the outcome quality and the long-term post-Tx changes after Class II:2 Tx in comparison to untreated controls.
As the mechanism of Class II:2 correction using a Herbst-MBA as well as the nature (dental/skeletal) of relapse are well known and have been published before (6, 8, 9) , an analysis of the effects emerging during each the Herbst and the subsequent MBA phase separately was considered unnecessary for the current investigation. Therefore, it was predetermined to concentrate on the post-Tx effects and the occlusal stability.
Subjects: participants versus non-participants
A recall of all eligible Class II:2 patients who had received active Tx at the study centre during the period 1986-2000 was performed. Despite this long-term period, a standardized Tx approach had been pursued in all these patients, even if several practitioners conditionally under supervision of two senior orthodontists were involved. Only one investigator undertook all investigation-relevant study model assessments.
In contrast to the treated Class II:2 participants, the non-participants were on average 2.1-2.5 years older (P < 0.06) and exhibited by 3.3-8.2 points higher PAR scores (P < 0.02) at T0, T1, and T2. While this difference probably influences the external validity of the present results, uniform data was seen for Tx duration (T1-T0), length of the retention period (T2-T1), molar relationship, and Table 2 . Comparison of the Class II:2 and the controls: the mean value (Mean), standard deviation (SD), and P value (P) of the respective group difference are given for age and the duration of the observation periods. overbite (T0, T1, T2). Therefore, it can be hypothesized that no relevant selection bias prevailed.
Subjects: untreated controls
The untreated Class I control group was quite uniform in terms of age at both T0 (13.0 ± 0.4 years) and T1 (15.4 ± 0.4 years), as the sample comprised of participants of a longitudinal study on growth changes in the dental arches (17) . No orthodontic Tx need existed when they were enrolled in this original study at age 7 years; however, at age 15 years (T1 in the present investigation) some participants had developed minor crowding.
After long-term observation, the variation in age had slightly increased until T3 (32.9 ± 1.2 years). Nevertheless, the total PAR score had been quite stable during the whole observation period (T0: 10.5 ± 4.2; T1: 8.8 ± 3.7; T3: 8.9 ± 3.3) The decrease during T1-T0 was mainly a result of overjet reduction (Supplementary Tables  3 and 5) , which can be attributed to natural mandibular growth changes during this period (age 13-15) which includes the peak of the pubertal growth spurt.
Validity of the control group
Using an untreated Class I sample as control for treated Class II:2 patients might be questionable. However, a Class I sample without orthodontic Tx need at adolescence and no history of orthodontic Tx can be regarded as a 'natural' gold standard for occlusal development and therefore represent a more realistic control group than a sample exhibiting an ideal occlusion (PAR score 0). Such a group, in contrast, would neither correspond to nor reflect the natural aging processes of the human dentition (17, 19) . Furthermore, it should be considered that the treated Class II:2 patients were Class I after Tx, and therefore shared the same long-term occlusal predispositions as the untreated Class I control group.
Method
To assess the outcome quality objectively and gain long-term stability data, the PAR index was used. The PAR index has been shown to be a reliable and valid assessment method (20, 21) . However, as there has also been criticism for the weighting system (22) and problems regarding the interpretation (23), the investigational plan of the present investigation comprised additional occlusal variables. Due to the rather small sample size, no further subgroup analyses were performed.
Improvement of occlusal parameters during active Tx
As expected, the Class II:2 sample showed notably higher values for both the occlusal variables as well as the total PAR index when compared to the untreated Class I controls at T0. However, the average total PAR score (Table 3) was as low as 15.0 ± 7.0 in the Class II:2 before Tx (T0), which means that the majority of patients were not Table 3 . Sagittal molar and canine relationships (mean left/right) as well as overbite, overjet, and the total PAR score in the Class II:2 and the controls at T0, T1, and T3. For each variable, the mean value (Mean), standard deviation (SD), minimum (Min), maximum (Max), and median value (Med) as well as the P value (P) of the respective group difference are given. cw, cusp widths. eligible to be categorized as 'greatly improved' in terms of PAR score reduction, no matter how excellent the final Tx outcome was. This is another PAR index feature which might be criticised.
However, looking at the changes during active Tx (T1-T0;  Supplementary Tables 3 and 5 ), notable differences (P < 0.01) can be seen for the occlusal variables as well as the total PAR score between the treated Class II:2 sample and the Class I controls. So, obviously due to orthodontic Tx, the situation had reversed by T1, as identical to lower values were seen for the occlusal variables as well as the PAR index in the treated Class II:2 sample (P = 0.000-0.891) when compared to the untreated Class I controls (Table 3) .
Long-term post-Tx changes
Rating the changes which occurred during the post-Tx observation period (T3-T1), however, the findings at T1 and T3 should be considered. While the treated Class II:2 patients exhibited slightly overcompensated and more 'perfect' values regarding overbite, overjet and alignment at T1 when compared with the untreated controls, the condition at T3 was more 'normal' and comparable to the controls. Statistically notable (P < 0.01) but most likely clinically irrelevant differences between the treated Class II:2 sample and the untreated Class I controls existed for overjet (2.2 versus 3.2 mm; Table 3 ) and total PAR score (5.9 points versus 8.9 points; Table 3 ). While the changes during the long-term observation period T3-T1 correspond to minor relapse in the treated Class II:2 sample and exceed those of the controls, the findings at T3 are still similar or slightly better than in the untreated Class I sample. However, rating these changes, it has to be taken into account that 8 of the 20 participants still wore fixed lower canine-to-canine retainers at T3.
In order to compare the present findings to changes in other populations, the literature was searched for respective data from long-term observations; however, as almost no Class II:2 specific data exist, Class I and unspecified Class II samples were used for comparison.
Regarding sagittal occlusal relationship, an increase of 1.5 mm towards Class II was reported after a recall of Class II:2 patients 20 years after Tx with activators (12) . Changes of 0.1-1.1 mm were seen in 72 Classes I and II recall patients 12-35 years after fixed appliance Tx with/without extractions (24) , while a Class I molar relationship with proper cusp-to-groove interdigitation was determined to be stable in all of 69 untreated subjects (25) . The current findings are alike (treated Class II:2 sample: mean 0.1 ± 0.2 cw, controls: 0.0 ± 0.1 cw).
After fixed appliance Tx, Class II:2 patients exhibited mean overbite increases of 1.2-1.4 mm 15 years after Tx (13) and 5 years after the end of retention (15), respectively. The mean long-term postTx increases (≥12 years) reported in the literature for Class I and unspecified Class II samples range between 0.5 and 1.6 mm (24, (26) (27) (28) (29) (30) . So, the values in the literature are similar to the present findings (1.3 mm), which is also true for the untreated controls: −0.3 mm (present investigation) versus −0.1 to −0.3 mm (26, 31) .
In terms of overjet, a mean increase of 0.3 mm was seen in Class II:2 patients 15 years after fixed appliance Tx (13) and 5 years after the end of retention 15), respectively. These data correspond well with the average overjet increase of 0.5 mm (Class II:2) and 0.0 mm (controls), respectively, determined in the present investigation as well as in corresponding untreated populations (−0.2 to 0.1 mm; 26, 31).
Only few data regarding long-term PAR score changes are available in the literature. For Class II:2 patients, an increase by 3.3 points with a final value of 6.7 points was reported 20 years after Tx with activators (12) . Several unspecified patient samples (mixed Class I and II as well as Tx procedures with and without extractions) exhibited mean post-Tx increases of 5.1-7.6 points between age ~15 and 10-16 years later (32) (33) (34) . The present results show slightly more favourable values but it has to be taken into account that 8 of the 20 study participants (=40%) still wore bonded lower canine-to-canine retainers at T3.
The long-term wear of bonded retainers was found to result in approximately 5 points lower total PAR scores in the respective patients when compared to those not wearing retainers (33, 34) . In the present investigation, the difference was slightly lower (2.4 points; Table 4 ). However, evaluating these data, it should be kept in mind that the respective subgroups were rather small (8 vs. 12 patients).
For untreated Class I controls, the literature reports a PAR score increase from 11.9 points at age 12-12.9 points at age 22 (34) . In the present investigation slightly lower values were seen (8.8 at age 15 and 8.9 at age 33) even if the determined long-term increase is comparable.
So, in summary, long-term Class II:2 stability in the present Herbst-MBA sample was remarkably good. Thus, Class II:2 stability seems to be far better than its reputation.
Strengths and limitations
The present investigation adds to the, so far limited, data on longterm changes after Class II:2 Tx. The outcome quality was assessed in a patient sample which had been treated by a standardized Tx approach using both objective and subjective variables and comparing the respective data to untreated Class I controls. Table 4 . Changes of the total PAR score as well as the (weighted) components mandibular anterior, overjet, and overbite during long-term observation (T3-T1) in the Class II:2 with no retainer in the lower jaw at T3 (n = 12), the Class II:2 wearing a bonded lower canine-to-canine retainer at T3 (n = 8) and the controls. The Class II:2 sample, however, bears some limitations. The participants were neither treated at exactly the same age or skeletal maturity nor at the same time period. In addition, the retention protocol and retainer wear until study participation was not equal. However, a narrow age range prevails and the participants can be considered alike. The participation rate was only 61% but this seems to be adequate due to the long-term design. No untreated or comparable treated Class II:2 sample with similar long-term data was available and unfortunately the assessed untreated Class I control sample was generated at a different site in Europe; nevertheless, the complete sample was of Caucasian descent as the Class II:2 sample. Of course it would have been favourable to assess the long-term post-Tx changes more intensively by evaluating additional study models from further in-between examinations. This is also true for lateral cephalograms, which, however, did not exist. Regarding the assessment method, no blinding was undertaken as the study models of the two samples were generated at different sites and time periods making them clearly distinguishable.
Conclusion
A very good long-term stability was seen for the occlusal outcome of Class II:2 Herbst-MBA Tx. On average mild changes had occurred during the post-Tx observation period and the long-term findings were similar as in untreated Class I controls.
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